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MECHANICAL PROPERTIES OF AI-AI 2 O 3 ALLOYS: 
TESTING PROCEDURES AND EVALUATION OF DATA 


D. G. Harman 


ABSTRACT 


Techniques have been developed to evaluate the elevated- 
temperature mechanical properties of AI-AI 2 O 3 (SAP-type) alloys. 
Varying the strain rate over two orders of magnitude has 
explained much of the reported scatter in mechanical property 
data and provides data for creep-rupture predictions. The 
strain rate, e, in SAP is an exponential function of the stress 
a: k = A a n with n being very high. This high n value is 

correlated with short-time tensile and creep-rupture behavior. 
Fractographic analysis shows ductile fracture under all testing 
conditions. 


INTRODUCTION 

Our mechanical properties investigations regarding the SAP program 
began in July 1965. We have under way general deformation studies on 
both commercial and'experimental materials as well as evaluations of the 
effects of certain material and process parameters. Because of the 
relative importance of the fracture mechanics of SAP materials, we are 
also pursuing extensive fractographic analysis of failed test specimens. 

A meaningful mechanical property evaluation of SAP materials, because of 
their unique behavior, requires information gained through all of these 
studies. The inadequacy of any superficial mechanical property study is 
pointed out in this report. 

Experimental materials with oxide contents ranging from 1 to 10$ 
have been tested as well as commercial SAP alloys. High-temperature 
properties were found to be sensitive to changes in temperature or strain 
rate. High temperature-low strain rate ductility has ranged from less 
than 1 $ total elongation for the higher oxide contents to as high as 
17$ for the lower oxide contents. 
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STRAIN RATE DEPENDENCE 

At high temperatures SAP type materials exhibit pronounced strain- 
rate dependence of mechanical properties. Much of the relatively large 
scatter in reported SAP data can be attributed to differences in testing 
conditions. Figure 1 shows our data on commercial XAP-001 superimposed 
on a scatter band obtained from the literature. 1 ” 6 7 * 9 The change in strain 
rate from 0.2 to 0.002 min -1 has a large effect on high-temperature prop¬ 
erties and covers a good portion of the scatter band. A strain-rate 
dependence is not unique to SAP but is significant at certain temperatures 
for many alloy systems, including austenitic stainless steels and 
nickel-base superalloys. 


1 E. A. Bloch, ’’Dispersion-Strengthened Aluminum Alloys," 

Met. Rev . 6(22), 193-239 (1961). 

^R. J. Towner, Alcoa ! s APM Alloys , ALCOA Research Laboratories, 

New Kensington, Pennsylvania, Sept. 15, 1960. 

3 E. G. Kendall and W. H. Friske, ’Fabrication and Properties of APM 
Products,” Met. Soc. Am. Inst. Mining, Met. Petrol. Engrs., In st . Metals 
Div., Spec. Rept. Cer . 10, 39-45 (1960). 

^D. G. Boxall and S. Mocarski, The Present Status of SAP in the 

;; — -- -- - 

Canadian Organic Cooled Reactor Program , R61CAP30, Canadian General 
Electric (June 1961) (limited distribution). 

5 D. M. Guy, Alcoa's Aluminum Powder Metallurgy (APM) Alloys, Alcoa 
Green Letter , ALCOA Research Laboratories, New Kensington, Pennsylvania, 
March 1959 (not released for publication). 

6 W. H. Friske, Interior Report on the Aluminum Powder Metallurgy 
Product Development Program , NAA-SR-4233 (1960). 

7 N. Hansen, Tensile Properties at Room Temperature and at 400 n C of 
Co mmercial Sintered Aluminum Products , Riso-96 (December 1964). 

^Atomics International, SAP Materials Handbook , AI-CE-Memo-24 
(March 23, 1966) » 

9 D. G. Boxall and J. W. Standish, Mechanical Properties of 
Dispersion-Strengthened Aluminum Alloys , AECL-1532 (January 1962). 
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Fig. 1. 
Extruded rod 
direction. 
Refs. 1—9. 


Short-Time Tensile Strength and Ductility of XAP-001. 

, 0.40 in. in diameter, tested parallel to its extrusion 
Hatched area represents large scatter in reported SAP data. 


The strain rate, e, in SAP is an exponential function of the stress 
a: e = A o n . This relationship gives a straight line with slope n on 

log-log coordinates, as shown in Fig. 2. The filled symbols represent 
450 °C data from an experimental 5 °!o oxide material; the filled triangles 
are tensile data at three strain rates and the filled circles are from 
creep data. The open circles are Battelle T s 10 XAP-001 (previously 
called M-257) data at 427°C. The straight line has a slope of 40 

10 J. A. Van Echo and S. W. Porembka, Long-T e rm Creep Rupture of 
Sintered Aluminum Powder and Zircaloy-2 Alloys, BMI-X-10 113 
Tdan. 25, 1965)”. * 
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Fig. 2. Stress vs Creep Rate for Two Sintered Aluminum Products. 


(n = 40) . This value of n is very high compared to values of 4 to 6 
usually found for more conventional alloys; TD nickel, which has a 
structure similar to SAP, has also shown thi3 high n value. 11 

This very high value for n is significant in both the tensile and 
creep situations. Any small amount of area change during a tensile test, 
by internal void formation or tensile necking, gives rise to locally 
increasing strain rates, which result in decreased total elongation. 
Figure 3 shows the local neck observed for a high-temperature tensile 
test. 


i:l L. P. Rice, Metallurgy and Properties of Thoria-Strengthened 
Nickel, DMIC-210 (Oct. 1, 1965). 



Fig. 3. Interrupted 450°C Tensile Test on XAP-001 Showing Local 
Necking Just Prior to Rupture. Specimen was electropolished before 
test. 
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A high n value can affect the creep test by the acceleration of 
third-stage creep; SAP material with its low work hardening at elevated 
temperatures is particularly susceptible to this affect. At the termina¬ 
tion of second-stage or linear creep, some slight reduction in cross- 
sectional area has occurred either through actual necking or more likely 
through internal void formation. Because the load on the specimen is 
constant, this reduction in area increases the stress level. A small 
increase in stress provides a significant increase in strain rate, which 
results in an immediate rupture via high-strain-rate shear. This type 
of rupture shown in Fig. 4 exhibits essentially no necking on the portion 
that failed by the growing and linking of the internal voids. This frac¬ 
ture process is commonly called ductile tearing. Considerable necking 
is seen on the portion that failed by the high-strain-rate shear. 



Fig. 4. Creep Rupture of XAP-001 at 450°C Showing Local Necking 
at Shear Lip. No neck is evident on that portion that failed by tearing. 


Consideration of the low ductility and sensitivity to changes in 
strain rate has led to a procedure for the evaluation of any particular 
SAP rod wilh a given powder and fabrication history. Because of the 
limited amount of material available per SAP rod, a small button-head 
specimen dosign is being used that has been successful for other labora¬ 
tory programs involving materials with low ductility. Each specimen 
requires only ? in. of rod length and has a l/8-in.-diam X 1 l/8-in-long 
gage lenglh. The specimen design is shown in Fig. 5. 
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Fig. 5. Tensile Specimen. 

Special precautions are taken to ensure a constant Lest temperature 
along the entire test specimen daring the tensile test. This is neces¬ 
sary because of the temperature dependence of the properties of SAP and 
because of its overall low ductility. Chromel-P—Alumel thermocouple 
wires are resistance welded to both specimen grips and are located very 
close to the specimen gage length. These thermocouples are used for a 
two-zone temperature control system utilizing separate power controllers 
coupled with speedomax H temperature recorders. In addition both tem¬ 
peratures arc monitored manually using a potentiometer to ensure that 
both grips are at the same temperature. The tensile test setup shown 
in Fig. 6 (thermocouples are not shown) has been used tu ensure con¬ 
sistent test results from specimens that have ruptured in the center 
portion of the gage length. 

The creep testing setup differs only in that the pull rod quides 
a.re not used and a shunt wound furna.ee is used with a single power con¬ 
troller and temperature recorder. The temperature of both grips is 
monitored at regular intervals and the furnace is properly shunted to 
correct any difference. 

At least four tensile tests are performed on each rod: one tensile 
test at room temperature for base-line comparison and at least three 
tensile tests at 450°C covering a wide range of strain rates. This 
strain-rate variation not only provides good tensile data but also 
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Fig. 6. Pull Rod Seoup for Elevated Temperature Tensile Testing of SAP. 
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allows one to extrapolate to obtain expected long-time stress-rupture 
values. The treatment of tensile data is shown in Fig. 7. Plotted 
on log-log coordinates is the applied stress vs the time to rupture. 



TIME (hr) 

Fig. 7. Stress Rupture of SAP 37 (MD-3100) at 450°C. 


This particular stress-rupture plot is for an experimental SAP product 
produced from a commercially milled flake powder (Metals Disintegrating 
Grade MD-3100) with about 6oxide. The open circles are the ultimate 
tensile strength plotted against the total tensile test time, while the 
filled circles are dead-load stress-rupture tests. One can see the good 
correlation obtained by the extension of the tensile data. This treat¬ 
ment of tensile data is invaluable in determining the stress levels for 
loading slress rupture specimens for reasonably predictable rupture 
times. 


FRAUTOGRAPHIC ANALYSTS 

Another very important aspect of SAP behavior is the mode of frac¬ 
ture. A most significant finding has been that under all testing condi¬ 
tions, including high-temperature creep, SAP fractures in a ductile 
manner. This ductility is confined to a small portion of the specimen 
and thus provides very little overall extension. 

Ductile fracture is generally categorized as separation, tearing, 
or shear. All three of these modes have been found in SAP. Figure 8 
shows typical low- and high-temperature fractographs. The fracture sur¬ 
faces of the specimens were replicated using the two-stage carbon tech¬ 
nique and subsequently viewed and photographed in the electron microscope. 
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Fig. 8. Fraelure of Experimental SAP. 
6500X. (b) Room-temperature tearing. 6500x. 

(d) 450 °C tearing. 6500X. Fractography by T 
Department , ORGDP. 


fa) Room-temperature shear 
(c) 450 °C shear. 8000X. 

. A. Rolan, Physics 
















The very fine scale, low-temperature fractures are in contrast to the 
coarser high-temperature fractures. We now have very good evidence that 
these high-temperature voids, which initiate fracture, form very early 
in the tensile test at strains as low as 0 . 2 and that fracture initiates 
at the AI-AI 2 O 3 boundary. The room tcmpeiaLure shear fractographs are 
being used routinely to show the oxide distribution within the material. 
Another technique being used is to anodize the fracture surface for 
direct replication. Figure 9 shows such a replica for a high-temperature 
fracture. The platelets of oxide can be seen over the enlire surface 
and are now available for further study, including diffraction ana.lysis 
and stereophotography. 



Fig. 9. Direct Replication of Anodized Fracture Surface of Experi¬ 
mental SAP Tested at High Temperature. Black needle-shaped particles 
are oxide platelets viewed on edge. Fractography by T. A. Nolan, Physics 
Department, ORGDP. 65QQX. 
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SUMMARY 

The alloy AI-AI 2 O 3 is a unique material and requires special con¬ 
siderations in obtaining meaningful mechanical properties data. An 
understanding of the general deformation behavior is essential. Signif¬ 
icant scatter in the data results if certain precautions are not taken 
during testing; the mosb significant of which are the strain rate 
and specimen temperature. The so-called constant load rate tensile 
tests are not appropriate because of the strain rate effect. The strain 
rate—stress relationship for SAP can be expressed as e = Aa n where n is 
about 40. Good correlation is obtained between constant strain rate 
tensile data and dead-load creep-rupture results. 

Fracture of SAP initiates early in the tensile test at internal 
locations and propagates in a classically ductile manner. However, this 
ductility is confined very local to the fracture and provides little 
overall extension. 
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